Radiometric density measurement for silage compaction in bunker silos by Hoffmann, Thomas et al.
September, 2013          Agric Eng Int: CIGR Journal   Open access at http://www.cigrjournal.org         Vol. 15, No.3   191 
 
Radiometric density measurement for silage compaction in 
bunker silos 
 
Thomas Hoffmann1*, Sabine Geyer1, Jürgen Bittner2, Robert Kögler3, 
Mirko Schima4 
(1. Leibniz Institute for Agricultural Engineering Potsdam-Bornim, Max-Eyth-Allee 100, 14469 Potsdam, Germany; 
2. RGI Industriemessgeräte GmbH, Beemiss 15, 75323 Bad Wildbad, Germany; 
3. WTK Elektronik GmbH, Bischhofswerdaer Str. 37f, 01844 Neustadt, Germany; 
4. FDM Zerspanungstechnik, Leipziger Straße 109a, 14929 Treuenbrietzen, Germany) 
 
Abstract: Certain minimum densities should be targeted when storing silage in bunker silos.  However, farmers lack facilities 
to measure the actual density and then steer the compaction passes.  This study was aimed at developing a measuring device 
for onsite density measurement.  The basis of the measuring device was a source of caesium radiation with an activity of    
37 MBq and a sodium iodide scintillation detector.  The measuring device used the backscattering method.  The source and 
detector were located in a measuring wheel that was connected with the tractor via the rear three-point linkage.  During 
measuring passes on bunker silos both the density increase in the case of several crossings and the elastic recovery of the 
material could be seen clearly.  In connection with satellite-based position determination, the silo surface can be mapped 
according to density.  As a result of the random decay of the caesium, the error in density measurement was only 4% at   
600 kg m-3. 
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1  Introduction 
Horizontal silos can absorb high mass flows of silage 
material.  From storage intake, the material has to be 
compacted by driving over it.  For a long time it is well 
known which density should be achieved.  However, 
farmers lack a measuring method enabling them to figure 
out and steer the compaction process on the basis of the 
silage density.  
In order to measure the density of silage in practice, 
samples are drilled out from the silo using special drills 
(Muck und Holms, 2000; Kleinmans et al., 2005; Latsch 
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und Sauter, 2011) or silage blocks are cut out with a silo 
block cutter (Wagner et al., 2004; Latsch und Sauter, 
2011).  The density is calculated from the volume taken 
and the associated mass.  However, both these methods 
can only be applied after the storage period when the 
silage is removed. 
In order to calculate the density during storage intake 
of the silage material, Häbler (2008) figured out the cargo 
mass on each transport vehicle and measured the 
associated volume change in the silo using a laser 
theodolite.  In this way the average silage density can be 
measured for a defined silo space.  However, this 
principle does not show local differences in density. 
In another method, roller vehicles were equipped with 
distance sensors both in front of and behind the roller 
bodies.  The distance to the subsoil was measured in 
front of and behind the roller bodies.  The difference 
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between these distances was then a measure for the 
compaction.  This principle, known from road building 
(ABG, 1997), was tested successfully in horizontal silos 
(Häbler, 2008; Tölle et al., 2009).  By this method the 
actual density cannot be figured out, instead, the 
compaction effect can. 
For a relatively long time methods for measuring 
density or layer thickness on the basis of radiometry have 
been known.  Radiometric measurements are used for 
soils, construction materials and sediments, as well as for 
natural materials such as wood (Malan and Marais, 1992; 
Macedo et al., 2002), tobacco (Okumoto, 1987), ice 
cream (Badr, 2012) starch suspensions (Kempf et al., 
1976), grain (DLG, 2001), straw and silage bales 
(Mumme and Katzameyer, 2007; Gläser et al., 2007; Sun 
et al., 2012) and silages (Kuhn, 1976; Gläser and Kuhn, 
1997).  
When preparing their own projects, Fürll et al. (2008) 
examined various factors targeting continuous 
measurement of density during silage production – 
penetrometer, depth to which the tractor or measuring 
wheel sinks in, the film pressure measuring system, 
ultrasonic thickness measurement, georadar, microwave 
scatter field probe and radiometric measuring probe.  In 
a comparison, the microwave scatter field probe and 
radiometric probe proved to be promising solutions.  
However, the subsequent measurements with a 
microwave scatter field probe did not show the desired 
connection with the material density.  For this reason the 
radiometric measuring method was selected as the 
preferred solution for measuring density.  
Accordingly, to meet requirements, a measuring unit 
for use on the bunker silo should be able to: 
 measure density during movement of the tractor, 
 avoid clogging of the measuring unit in forward 
and reverse movement, 
 provide consistent height guidance in order to 
keep measuring faults low, 
 be suitable for road traffic, 
 possess compatible mounting facilities for 
common tractor types, 
 display a robust design for use in agricultural 
practice. 
 
2  Materials and methods 
The core part of the measuring device consists of a 
caesium radiator with an activity of 37 MBq and a 
sodium iodide scintillation detector.  The measuring 
system detects the gamma photons radiated back from the 
material.  Caesium was chosen as a source because it 
provides a definite correlation between the number of 
backscattered gamma photons and the density of the 
material (Gläser and Kuhn, 1997).  Scattering and 
absorption processes of gamma photons are overlapping 
inside the material.  In the case of caesium the 
backscattering process dominates in the density range up 
to 1,000 kg m-3 in comparison to the absorption.  
Therefore, caesium enables the measurement.  
The caesium source is located in a shielded container 
made of lead.  The gamma photons of the caesium-137 
source only emerge at the exit aperture of the shielded 
container and are directed exclusively to the material to 
be measured. 
In preliminary experiments on a lab-scale pilot plant, 
the optimal geometric arrangement of source and detector 
were figured out (Geyer and Hoffmann, 2012).  This 
arrangement was then realised for the measuring passes 
on the silo in a measuring wheel (Figure 1).  
 
Figure 1  Measuring wheel with source and detector in the 
measuring frame 
 
The measuring wheel had a diameter of one meter and 
a design width of 0.4 m.  Its jacket surface was made of 
5 mm aluminium sheet, so that as few gamma photons as 
possible were absorbed when the radiation passes through 
it.  The source and detector were mounted on a 
measuring frame in the wheel.  The frame was firmly 
connected at the wheel centre with a shaft stub via a 
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clamp connection.  The shaft stub was firmly mounted 
on the upward link.  The upward link was part of a 
four-joint system and was always carried parallel to the 
three-point linkage of the tractor (Figure 2).  With this 
construction method the upward link was always carried 
perpendicular to the subsoil.  Consequently, the 
measuring apparatus was automatically oriented to the 
surface of the material to be ensiled. 
 
Figure 2  Measuring wheel at the three-point linkage of the tractor 
 
The design is suitable for road traffic.  When 
transferring from one silo to another the measuring device 
can remain mounted on the tractor. 
First of all, the radiometric measuring device was 
calibrated in mounted condition.  For this, natural raw 
materials of known density were placed beneath the 
measuring wheel and the impulses of the radiation 
backscattering were measured.  This method is based on 
the principle that organic materials are similar in their 
stochiometric composition and thus also display similar 
mass absorption coefficients (Gläser, 1992; Macedo et al., 
2002).  The materials used were hemp shives (woody 
fragments of the hemp stem), balsa, spruce and oak, as 
well as oats and rye grains.  In addition, the impulse 
rates for air and water were measured.  Balsa was sorted 
to two samples: The first sample with a density of 95   
kg m-3, while the second with a density of 185 kg m-3.  
One spruce sample was measured in the natural density 
state with 430 kg m-3, the other after a mechanical 
compression with 880 kg m-3.  
For each sample the backscattered photons were 
counted for 1 second with 100 repetitions.  This means 
every measurement series consists of 100 values.  A 
quadratic regression was done with all values of all series 
by using the statistical software SAS 9.3.   
The measuring wheel was tested altogether eight 
times on bunker silos (location, date, crop, dry matter 
content): 
 Trebbin, 23.09.2011, chopped maize, 40.4% 
 Sperenberg, 30.09.2011, chopped maize, 37.0% 
 Klein Schulzendorf, 13.10.2011, chopped sweet 
sorghum, 20.6% 
 Gross Kreutz, 15.05.2012, chopped wilted grass, 
33.4% 
 Lietzow, 22.06.2012, chopped wilted grass, 
34.5% 
 Ketzin, 20.09.2012, chopped maize, 31.1% 
 Lietzow, 04.10.2012, chopped maize, 34.5% 
 Klein Schulzendorf, 15.10.2012, chopped wilted 
grass, 47.5% 
The measuring passes were always conducted 
together with the roller vehicles of the respective farms 
(Figure 3). 
 
Figure 3  Measuring pass on a bunker silo with chopped maize 
(20.09.2012) 
 
The gamma photons scattered back from the ensiled 
material were counted and saved using the Field Operator 
300 of the company WTK Elektronik (Neustadt, 
Germany).  In the year 2012 data from a Differential 
Global Positioning System (DGPS) were added in order 
to be able to allocate the density values to concrete 
positions in the silo. 
The purpose of the measuring passes was to show the 
expected increase in silage density for repeated roller 
passes.  The second goal was to measure the local 
density of ensiled material when the vehicle tracks were 
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continuously offset. 
An error estimation was carried out for the 
radiometric density measurement.  First of all it was 
necessary to estimate to what extent the random decay of 
the caesium influences the density value calculated.  The 
second error component estimated was the extent to 
which the ensiled material expands back again after being 
driven over and measured (elastic recovery). 
3  Results and discussion 
3.1  Calibration of the radiometric measuring device 
The calibration in air, various organic materials and 
water shows a quadratic connection between the given 
material density and the impulse rate in the backscattering 
(Equation (1)).  To figure out the density, the equation 
converted for this purpose is to be used with negative 
signs in front of the radical expression (Equation (2)).  
20.002268 6.87148 6517.57751I         (1) 
r2 = 0.99 






I     
 (2) 
To take the background radiation into account, the 
calibration was renewed at each experimental location 
prior to the compacting passes.  
 
1. Balsa, low density  2. Hemp shives  3. Balsa, high density  4. Spruce, 
natural  5. Oats, loosely poured  6. Oats, firmly tapped  7. Rye, loosely 
poured  8. Oak  9. Rye, firmly tapped  10. Spruce, compressed  11. Water 
 
Figure 4  Calibration curve with confidence areas for the 
radiometric density measuring device 
3.2  Measuring passes determining density on the 
bunker silos 
The compaction passes on the silo can be plotted on 
the basis of the GPS coordinates (Figure 5).  Beginning 
from the starting point , a number of compacting passes 
ran in one track.  From point  outside the silo, a 
changeover was made to the other side of the silo in order 
to compact the silage material there with a number of 
passes.  
 
 ...  numbers of tracks or turning points 
 
Figure 5  Compaction trips on a clamp silo with multiple 
crossings in selected movement tracks 
 
In three consecutive compaction passes in the 
track/rut , an increase in density became evident from 
the first forward pass to the second and subsequently to 
the third (Figure 6).  The measuring system was thus in 
a position to figure out the compaction effect of repeated 
roller passes in a track or rut. 
 
Figure 6  Density curve for three consecutive forward and reverse 
trips in one track, wilted grass, 15.10.2012 
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A higher density was measured during forward 
movement than in reverse movement.  In forward 
movement the heavy tractor first rolled over the material 
and the density was then be measured.  Some time 
elapseed before the following reverse movement, during 
which the material expanded back.  During reverse 
movement the density was measured after this elastic 
recovery.  Only by then was the next compaction 
operation carried out by the tractor. 
Using the longitude and latitude, the compaction trips 
can be shown three-dimensionally (Figure 7).  For better 
clarity, only the last trip was shown respectively.  The 
densities achieved were evaluated via colour grading of 
the measuring points, from red for insufficient density to 
green for sufficiently compacted silage.  Basically it was 
apparent that the density values on the silo vary strongly 
depended on the position.  In principle, with this density 
position allocation and appropriate software, the roller 
vehicle driver has a tool enabling him to steer his further 
trips.  
 
Figure 7  Measured silage density as a function of longitudes and 
latitudes on a clamp silo with wilted grass (green dots for high 
density, red dots for low density) 
 
3.3 Error estimation   
The density of the silage must be calculated from an 
individual value of the impulse rate.  It was significant 
that the impulse rate emanating from the caesium source 
was not constant, but in view of the random 
decomposition of the caesium atoms a Poisson 
distribution was sufficient.  For impulse rate I and 
standard deviation  of a Poisson distribution, the 
following applies: 
  I        (3) 
With a probability of 68%, an individual value lies in 
the range I-, I+.  Assuming that an impulse rate of 
I = 9824 s-1 is measured, according to Equation (2) this 
corresponds to a density of 600 kg m-³.  As a 
consequence of the measuring uncertainty, the impulse 
rate lies in the range 9725 s-1, 9923 s-1.  According to 
Equation (2), this results in a density range of 576.45  
kg m-3, 624.18 kg m-3.  The error in the density as a 
consequence of the random decomposition of the caesium 
atoms which cannot be influenced is thus -23.55 kg m-3, 
24.18 kg m-3 at 600 kg m-3.  This corresponds to a 
relative error of -3.92%, 4.03%, i.e. about 4%.  
The silage expands again a little after a crossing.  
The elastic recovery can be measured using the online 
density measurement.  If the vehicle moves forward and 
back in one vehicle track (Figure 3), then as a result of 
elastic recovery the density at a particular place is 
generally lower during reversing than it is during forward 
movement.  However, the driver on the roller vehicle 
cannot use this information as he does not generally 
reverse in the same track.  Usually the driver drives in 
laterally offset tracks. Furthermore, the density may be 
increased by other roller vehicles or reduced by new 
material. 
A number of papers about estimating elastic recovery 
have been published.  The values for reverse expansion 
fluctuate between 0% (Bernier-Roy et al., 2001) and 39% 
(Savoie et al., 2004).  Often values between 8% and 
15% are stated (Edner, 1985; Bernier-Roy et al., 2001).  
The great differences of these values are caused due to 
different material parameters but above all due to 
different experimental arrangements.  Most experiments 
are based on press pot trials.  An exception to this is 
formed by experiments conducted by Edner (1985), in 
which the silage density was figured out in practice in 
bunker silos with the aid of a gamma backscatter probe.  
Edner (1985) stated in the mean value that the silage 
density was reduced by about 8.3% in the density range 
less than 600 kg m-3 and 12.1% in the range 600-700 kg 
m-3 as a result of elastic recovery.  The recovery time 
was very long.  The time extended from the end of the 
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storage at a day to the continuation of the storage on the 
following day.  The elastic recovery of grass was higher 
than in maize, though both materials showed a large 
scatter width.  
The experimental arrangement by Edner comes 
closest to the measuring task pursued by this paper.  It is 
to be assumed that the silage density measured during 
forward movement needs to be reduced by about 10% 
arithmetically in order to obtain the final density.  On 
reversing, the density is measured before the compaction 
vehicle rolls over the measuring point.  Consequently, 
the true density is at least as high as the measured density.  
4  Conclusions  
By arranging source and detector in a trailed 
measuring wheel, the silage density can be measured 
online during movement.  In conjunction with data from 
a Differential Global Positioning System (DGPS), the 
density values can be allocated to certain positions in the 
silo.  Consequently, the prerequisites for density 
mapping of the silo surface exist. 
The calibration of the radiometric measuring device 
with the aid of agricultural products displays a close 
connection between the impulse rate and the silage 
density.  As a consequence of the random decay of the 
caesium atoms, a relative measuring error of 4% results at 
a silage density of 600 kg m-3.  
After a number of passes in one track or rut, an 
increase in the silage density was shown.  The silage 
density in reverse movement was lower than that in 
forward movement as a result of elastic recovery of the 
silage.  The silage density measured in forward 
movement needs to be reduced arithmetically by about 
10% in order to reach a permanent end value.  On 
reverse movement it is to be assumed that the true density 
is at least as high as the measured density.  
The measuring passes on the bunker silo have 
demonstrated the radiometric density measurement 
functions in practical use.  Further experiments with a 




ABG.  1997.  Walzeinrichtung zur Verdichtung von 
Asphaltdecken.  Gebrauchsmuster DE 297 23 171 U1. 
Badr, H. M.  2012.  Improving the microbial safety of ice cream 
by gamma irradiation.  Food and Public Health, 2(2): 40-49. 
Bernier-Roy, M., Y. Tremblay, P. Pomererlau, and P. Savoie.  
2001.  Compaction and density of forage in bunker silos.  
ASAE Annual International Meeting, Sacramento (USA), 
30.07.-01.08.2001, Paper 01-1089: 1-14. 
DLG.  2001.  Ertragsermittlung im Mähdrescher – 
Ertragsmessgeräte für die lokale Ertragsermittlung. Ergänzte 
und überarbeitete Neuauflage. Deutsche Landwirtschafts- 
Gesellschaft (DLG) (Ed.): DLG-Merkblatt 303. 19 p.  
Edner, H.-H.  1985.  Die Verdichtung von Siliergut und die 
Lagerungsdichte von Grünfuttersilagen. Ph.D. diss., 
Humboldt-Universität, Berlin.  
Fürll, C., H. Schemel, and D. Köppen.  2008.  Prinziplösungen für 
die Dichtemessung in Siliergütern.  Landtechnik, 63(2): 94-95. 
Geyer, S., and T. Hoffmann.  2012.  Metrological prerequisites 
for determination of silage density compacted in a bunker silo 
using a radiometric method.  CIGR-ejournal, 14(4): 134-143. 
Gläser, M.  1992.  Grundlagenuntersuchungen zur 
radiometrischen Bestimmung der Masse geförderter Güter, 
insbesondere in der landwirtschaftlichen Forschung und Praxis. 
Forschungsberichte VDI Reihe 14, Düsseldorf, Germany, 
VDI-Verlag GmbH. 
Gläser, M., and E. Kuhn.  1997.  Forschungssonde für die 
Dichtemessung an landwirtschaftlichen Gütern. 
Agrartechnische Forschung, 3(1): 44-51. 
Gläser, M., W. Jahnke, M. Pütz, and M. Mumme.  2007.  
Zertsörungsfreie radiometrische Bestimmung des 
Dichteverlaufs an Rund- und Quaderballen. Landtechnik, 62(3): 
146-147. 
Häbler, J.  2008.  Silomanagement im Großbetrieb.  Neue 
Landwirtschaft, 19(5): 46-48. 
Kempf, W., I. Friedrich, C.-H. Hoepke, J. Veldenkamp, J. Vierhuf, 
and W. Brandtmöller.  1976. Kontinuierliche Mengen- und 
Dichtemessung von Stärkesuspensionen.  Die Stärke, 28(2): 
54-68. 
Kleinmans, J., B. Ruser, G. Oetjen, and J. Thaysen.  2005.  
Siloverdichtung einfach überprüfen – Neue Methoden zur 
Bestimmung der Gutverdichtung in Flachsilos.  Neue 
Landwirtschaft, 16(9): 66-68. 
Kuhn, E.  1976.  Die Aussagefähigkeit radiometrischer 
Messungen zur Bestimmung der mittleren Gärfutterdichte in 
Horizontalsilos.  Agrartechnik, 26(11): 532-533. 
Latsch, R., J. Sauter.  2011.  Comparison of five measurement 
September, 2013            Radiometric density measurement for silage compaction in bunker silos           Vol. 15, No.3  197 
methods to determine density of grass silage.  XXXIV CIOSTA 
CIGR V Conference 2011 – Efficient and safe production 
processes in sustainable agriculture and forestry. Vienna - 
Austria 2011, 29 June - 1 July, University of Natural Resources 
and Applied Life Sciences, 416-419. 
Macedo, A., C. M. P. Vaz, J. C. D. Pereira, J. M. Naime, P. E. 
Cruvinel, and S. Crestna.  2002.  Wood density 
determination by X- and Gamma-ray Tomography.  
Holzforschung, 56(5): 535-540. 
Malan, F. S. and P. G. Marais.  1992.  Some Notes on the direct 
gamma ray densitometry of wood.  Holzforschung, 46(2): 91- 
97. 
Muck, R. E., and B. J. Holmes.  2000.  Factors affecting bunker 
silo densities.  Applied Engineering in Agriculture, 16(6): 
613-619. 
Mumme, M., and J. Katzameyer.  2008.  Mobiler Prüfstand zur 
radiometrischen Messung der Dichteverteilung in Ballen.  
Landtechnik, 63(6): 341-343. 
Okumoto, Y.  1987.  Device for controlling contents of tobacco 
on cigarette manufacturing machine. European Patent EP 
0268124 A1.  
Savoie, P., R. E. Muck, and B. J. Holmes.  2004.  Laboratory 
assessment of bunker silo density part II: Whole-plant corn.  
Applied Engineering in Agriculture, 20(2): 165-171. 
Sun, Y., Q. Cheng, F. Meng, W. Buescher, C. Maack, and J. Lin.  
2012.  Image-based comparison between a -ray scanner and a 
dual-sensor technique for visual assessment of bale density 
distribution.  Computer and Electronics in Agriculture, 82: 
1-7. 
Tölle, R., J. Häbler, and A. Römer.  2009.  Verfahren zur 
Bestimmung der Verdichtung in landwirtschaftlichen 
Horizontalsilos.  German Patent DE 10 2007 053 610 A1. 
Wagner, A., K. Leurs and W. Büscher.  2004.  Einfluss der 
Häcksellänge auf die Verdichtbarkeit, Silierung und 
Nacherwärmung von Silomais.  Agrartechnische Forschung, 
10(4): 54-61. 
 
